In this study, we present a comparison between graphene oxide (GO) and nitrogen-doped GO (N-GO) in terms of spectroscopic properties and biomolecule-binding potentiality features. Specifically, GO nanosheets, both in aqueous dispersion and in solid state, were successfully modified with different amino-containing moieties, in order to obtain graphene-based nanostructures able to respond to chemical stimuli (e.g., pH) and with tunable surface properties. The physisorption of dye-labelled lipid vesicles loaded with curcumin, was scrutinised both theoretically and experimentally. The energetics of the hybrid lipid membrane-curcumin-GO interface at different pH values, representative respectively of physiological (7.4) and pathological (5.5) environment, were estimated by molecular dynamics (MD) simulations. The GO and GO-N samples characterization by Raman, fluorescence, and UV-vis spectroscopies, as well as confocal microscopy demonstrated promising features of the (N-)GO/lipid platforms for fluorescence imaging and drug delivery applications.
Introduction
The nano-biointerfaces established between graphene oxide (GO) and biomolecules attracted in the last years an increasing interest, for both fundamental [1] and application research, including biosensing [2] , drug-delivery [3] , theranostics [4] , cancer therapy [5] , biotechnology and biodevices [6] . The large surface area and the combination of hydrophobic character and π-π stacking interaction with drug molecules are some reasons for the interest of graphene application in theranostics [7, 8] . On the other hand, graphene oxide, exhibits a unique set of properties, arising from oxygen functional groups, thus enabling its solubility in a variety of aqueous solvents and offering a route towards derivatization with other chemical moieties. The functionalization of graphene by using organic moieties constitutes an affordable way to modulate its physical and chemical properties, especially at the interface with biomolecules. Indeed, GO, covalently decorated (either on the basal plane or at the edges) with oxygen-containing functional groups (carboxyl, hydroxyl, epoxide and carbonyl) provides many opportunities through the manipulation of the size, shape and relative fraction of the sp 2 -hybridized domains of GO by reduction chemistry [9] . The surface termination of GO is especially relevant for the applications of graphene-based materials in the biomedical area, where several pre-requisites and the possibility of different toxicological effects need to be considered. In particular, toxicity depends on the surface features (the chemical structure or the nature of functionalized coating), size, number of layers, cell type, administration route (for in vivo experiments), dose time of exposure and synthesis methods. To this end, development of suitable chemical synthesis and functionalization approaches to precisely control the characteristics of graphene is urgently needed [7] . With the rapid growth in the application of GO at the biointerfaces, the toxicity of GO toward bacterial and mammalian cells has recently attracted extensive research attention [10] . The propensity for GO to attach to and disrupt model cell membranes using supported lipid bilayers (SLBs) and supported vesicular layers (SVLs) has been used to scrutinize possible mechanisms for the cytotoxicity of GO [11] and, in general, as model of a solid-liquid nanobiointerface to study the interaction of engineered nanomaterials with the biological membranes [12, 13] .
Among the various approaches used for the doping of graphene, the introduction of amino groups is one of the most attractive to control the charge-potential landscape at solid-liquid interfaces, for engineered novel devices for applications in catalysis and energy conversion as well as sensing and biodevices. For example, amino-functionalized reduced graphene oxide was demonstrated as feasible and effective strategy to solve the long-term cycling difficulty for lithium-sulphur batteries [14] . Moreover, GO sheets functionalized by aminopropylsilyl groups and labelled by Au nanoparticle radioisotopes were used for fast in vivo targeting and imaging of tumours [15] .
Methods used for the synthesis of nitrogen-functionalized graphene nanosheets include the grafting of alkylamines [16] , the selective alkylation/basic hydrolysis reactions using the nitrogen precursor bromoacetonitrile [17] , the Bucherer-type reaction under hydrothermal conditions [18] .
A theoretical study about the thermal stability and thermodynamics of amino-and ethylaminographene found that more amino groups stabilize the functionalized graphene thus favouring further amination, whereas a small concentration of amino groups is unstable in many cases [19] . The isoelectric pH of graphene, less than 3.3, can be changed up to 7.5 by non-covalent electrochemical attachment of aromatic amino groups, preserving the favourable electronic properties of graphene throughout [20] .
The interaction between GO and lipid membranes, using both supported lipid membranes and supported liposomes undisclosed that graphene oxide induces the rupture of pre-adsorbed liposomes and the formation of a nanocomposite, bio-nonbio multilayer structure, consisting of alternating graphene oxide monolayers and lipid membranes, with an important role played by electrostatic interactions between graphene oxide and lipid headgroups [13] . For instance, Wu et al., provided evidence that overcoming the electrostatic repulsion of phosphate group, its hydrogen bonding attraction as well as the electrostatic and hydrophobic interaction of choline group are the driving forces for the effective adsorption of GO on lipid membrane [21] . However, so far, a comprehensive understanding about the nature of the interaction between GO and lipid membrane still remains challenging.
In the present study, we address a comparative investigation of GO and nitrogen-doped GO (N-GO) at the hybrid nano-biointerface with lipid bilayers at the two pH of 7.4 and 6. To the best of our knowledge, this paper provides the first investigation, both theoretical and experimental, of the interaction between N-GO and lipid membranes.
The effect of the graphene-lipid biointerface for drug delivery applications was scrutinized by using the case study of curcumin (Curc), a natural yellow pigment isolated from the turmeric plant. Curc has a variety of biological activities and pharmacological actions, such as anti-inflammatory, anti-carcinogenic, and anti-virus properties, as well as promising clinical applications due to the low toxicity [22] . However, the extremely low aqueous-solubility of curcumin and the rapid intestinal and hepatic metabolism result in poor systemic bioavailability of the drug. Lipid vesicles provide a convenient nanocarrier platform to vehicle and deliver the drug [23] . Here, we demonstrate that a controlled modification of the GO surfaces by introducing amino-containing groups at different oxidation level, can modulate the surface termination and, in turn, the release of curcumin at the graphene surfaces from lipid vesicles loaded with the model drug.
Materials and Methods

GO Fabrication
Graphene sheets were deposited on glass or silica by mechanical exfoliation of graphite and successively exposed to UV-ozone (UVO) irradiation for 1 h [24] . Alternatively, GO was synthesized from graphite powder using a modified Hummer's method [25] . In brief, 0.5 g of graphite and 0.5 g of sodium nitrate were mixed together followed by the addition of 23 mL of conc. sulphuric acid under constant stirring. After 2-3 minutes under stirring, 3 g of KMnO 4 was added slowly to the above solution while keeping the temperature less than 20 °C to prevent overheating and explosion. The mixture was stirred at 35 °C for 1 h and the resulting solution was diluted by adding 40 mL of water under vigorous stirring. To ensure the completion of reaction with KMnO 4 , the temperature was increased until 90 °C for 30 minutes. The suspension was further treated with 30% H 2 O 2 solution (5 mL). The resulting mixture was washed with HCl and H 2 O respectively, followed by filtration and drying. Graphene oxide sheets were thus obtained.
Preparation of N-GO
GO dispersion: 500 µL of GO dispersion (0.4 mg/mL) was treated for 2 h under vigorous stirring (1300 rpm at 25 °C) with 1 mL of dodecylamine (DDA, 4.8 mM in ethanol), or 50 µL of hydrazine (N 2 H 4 , 32 M) to prepare the GO-DDA and GO-N 2 H 4 , samples, respectively. The GO-DDA/N 2 H 4 sample was prepared by the addition of 50 µL of N 2 H 4 to GO-DDA and the dispersion was kept under stirring overnight [26] . GO solid: 1 mL of GO (0.4 mg/mL) was deposited and dried at the air on glass bottom Petri dishes (WillCo Wells). Then, 500 µL of DDA (3.2 mM), or N 2 H 4 (1 M), or DDA/N 2 H 4 mixture were added. After drying by solvent evaporation, samples were washed with ultrapure water (X2) and dried under argon flux.
Preparation of the Lipid Vesicles
Zwitterionic small unilamellar vesicles (SUVs) were prepared from a 5 mg/mL chloroform solution of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, Avanti Polar Lipids Inc., US) added (1 wt%) with rhodamine-DHPE (1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, Avanti Polar Lipids Inc., US) to obtain dye-labelled POPC-Rhod. To prepare the curcumin loaded vesicles (POPC-Rhod-Curc), 1 mg of curcumin was dissolved into the lipid solution in chloroform. The solvent was evaporated under Ar flow, to obtain lipid films adsorbed on the wall of a roundbottomed flask. The film afterward was emulsified in 1 mL of phosphate buffer saline solution (PBS, 0.01 M phosphate buffer containing 0.003 M KCl and 0.14 M NaCl, pH 7.4 at 25 °C) at room temperature, vortexed, and extruded 13 times through a 100 nm polycarbonate membrane, followed by another 13 times through a 30 nm membrane (Avanti Polar Lipids Inc., AL, US). In order to remove the unloaded curcumin, the vesicles were centrifuged 15 min at 8,000 rpm and the supernatant recovered and stored under Ar at 4 °C.
UV-Visible (UV-Vis) and Fluorescence Spectroscopy
UV-Vis spectra for all samples were recorded in quartz cuvettes with 1 cm optical path length on a Jasco spectrometer. Fluorescence spectra were acquired on a Perkin Elmer LS55 by using a quartz cuvette with an optical path length of 1 cm. Emission and excitation spectra were acquired fixing the wavelength respectively at the 405 nm and 620 nm emission, with excitation slits (slit ex ) and emission slits (slit em ) aperture of 6 nm and 4 nm, respectively.
X-ray Photoelectron Spectroscopy (XPS)
XPS measurements were performed using a PHI 5000 VersaProbe apparatus equipped with a monochromatic Al source (1486.7 eV). Typically, the pressure in the analysis chamber was 5 × 10 −9 Torr. Dual beam charge neutralization from an electron gun (~1 eV) and the argon ion gun (<10 eV) were used for charge compensation on the sample surface during the measurements. X-ray (10 kV, 22 mA) beam was produced using an aluminum anode and had a spot size of 250 × 1000 μm. Wide-scan and narrow scans spectra were recorded at a resolution of 0.5 eV and 0.1 eV, respectively. A Shirley background was subtracted by all spectra, and peak fitting was performed using a Gaussian function. The binding energy were calibrated assuming the major component of the C1s peak to result from hydrocarbon contribution at the binding energy of 284.6 eV.
Raman Spectroscopy
Raman spectra were excited using the 514.5 nm radiation of an Ar ion laser and analysed using a Jobin Yvon 450 nm focal length monochromator, equipped with a CCD camera detector cooler at 77 K.
Confocal Microscopy and Fluorescence Recovery after Photobleaching (FRAP) Measurements
An Olympus laser scanning confocal microscope (FV1000 model) was used, equipped with diode UV (405 nm), multiline Argon (457 nm, 488 nm, 515 nm) HeNe (G/R) (543/633 nm) lasers. An oil immersion objective (60×O PLAPO) and spectral filtering system were used. The detector gain was fixed at a constant value and images were taken, in sequential mode, for all the samples at random locations throughout the area of the well.
For FRAP analyses, snapshots were acquired as follows: three images before bleach, then bleaching by using a high intensity (95% power) Ar laser, and other micrographs every 5 seconds up to 2 minutes. By translating the sample stage, an average of 10 spots per substrate was photobleached in a given experiment. FRAP curves were analysed by Image J software (NIH, US). The data were normalized to the initial (pre-photobleach) value, which enabled the percentage of photobleaching and the percentage fluorescence recovery within the laser region to be determined. For each sample, the emission recorded from the bleached spots was compared with that coming from contiguous nonbleached areas.
Computational Methods
The Klinowsky model was followed to build graphene oxide (GO) [27] . Following such scheme hydroxyl and epoxy groups are mainly present and randomly distributed on both sides of the sheet. A partial oxidized GO was taken into account, meaning that 1 epoxy group and 1 hydroxyl group per 10 C atoms are considered. GO-NH 2 was obtained by substitution of all hydroxyl groups on the surface with amine groups. Similarly GO-dodecylamine was built starting form GO and replacing -OH with -NH(CH 2 ) 11 CH 3 .
One molecule of curcumin was inserted into a double layer of POPC. Since DFT calculations have shown that the enolic form of curcumin is lower in energy than the diketone of 36.76 kJ/mol, the former was considered in all simulations.
Ab initio calculations were performed in the framework of the DFT using the Perdew-BurkeErnzerhof functional [28] with the 6-311+(d, p) basis set [29, 30] .
A water layer, whose thickness was about 1.2 nm, was placed between the considered surfaces and the Curc-POPC system. A further layer of water with the same thickness was finally placed onto the double layer.
In order to simulate the pH effect -OH groups in GO were considered deprotonated at pH = 7. On the other hand, we have assumed that -NH 2 and -NHR groups were protoned at pH = 5.
For MD simulations we have followed a scheme previously adopted [31] , in detail all the simulation were performed under Periodic Boundary Condition in a box of 25 × 125 × 25 nm adopting the Consistence Valence Force Field parameterization together with CVFF flexible water potential [32, 33] . To integrate the equation of motion a time step of 1 fs was chosen and simulations were run under NVT conditions at 298 K (Berendsen thermostat was used with a decay constant of 1 ps). Long range electrostatic interactions were calculated through the particle-mesh-Ewald method.
The structures were first of all optimized applying 10000 steps of conjugate gradient algorithm to the water molecules, fixing the solute; this was followed by 20-ns of MD of the solvent and finally 40-ns of MD were performed removing the constraint and during this time the data were collected for analysis. In all cases the charge neutrality is maintained by using Na + and Cl − as counterions. In POPC the negative charge of phosphate was always counterbalanced by positive ammonium salt, hence the double layer is neutral.
Results and Discussion
Preparation of N-GO Derivatives and Spectroscopic Characterization
The amino-derivatisation of GO samples was studied by using two different approaches of wet chemistry reduction. In the first approach N-GO in dispersion was produced by adding the reductant agents (N 2 H 4 , DDA or DDA/N 2 H 4 mixtures) to the aqueous dispersion of the graphene oxide. In the second approach, N-GO solid was obtained by deposition, through exfoliation of graphite, of numerous sheets of graphene on a silica substrate, then oxidising graphene to graphene oxide by UVO treatment and eventually dropping the reducing solutions at the top surface of the GO solid samples. The Raman spectra of the solid state samples used in the second approach are shown in Figures 1 and S1 in ESI. The spectra of a few-layers thick (~5 layers) graphene (FLG) sample, before and after exposure to UVO, demonstrates the effectiveness of 1 h treatment for the conversion of the original graphitic structure to an oxidised form (Figure 1) . Indeed, the spectrum of untreated graphene shows a unique peak, at about 1590 cm , due to carbonyl stretches [34] . The shape and the position of the 2D band that usually can be used to determine the stacking order in a FLG, can also be related to the possible stress and defects induced by the UVO treatment. There is no significant change in spectral shape of the 2D band but only a negligible decrease in the peak intensity.
To investigate the in-depth effect of the UVO-induced oxidation of the graphene sheets, samples at different thicknesses, corresponding to a low (~2), a medium (~5) and a high (~10) number of graphene layers, i.e., the layer numbers of the graphene sheets, were deposited on silicon, exposed to UVO for 1 h and therefore analysed by Raman spectroscopy. Figure S1 shows the comparison of graphene samples deposited at different thicknesses ( Figure S1a ) and those of graphene samples converted to GO by UVO treatment ( Figure S1b) .
The reduction of GO by dodecylamine is expected to introduce amino functionalities at the near interface with the graphene sheet, thus resulting in N-GO samples with an outward orientation of alkyl groups, e.g., C(graphene sheet) = NH-(CH 2 ) 11 CH 3 . In the case of hydrazine, the bifunctional character of the molecule is likely to prompt the formation of N-GO aggregates, with diazo moieties (e.g., C(graphene sheet 1) = N-N = C(graphene sheet 2) bridging between two or more graphene sheets. When both DDA and N 2 H 4 are used, the dodecylamine molecules may play a spacer role between the graphene sheets, and therefore the presence of amino-terminated graphene sheets can be figured out, e.g., C(graphene sheet) = N-NH 2 ( Figure 2) . The Raman spectra of N-GO samples obtained in the two used approaches, dispersion or solid state, are reported in Figure S2 in ESI.
The optical characterisation of GO and of N-GO samples in dispersion prepared by reduction with DDA, N 2 H 4 and DDA/N 2 H 4 confirm that different interactions occurr at the interface between the functionalised GO samples and aqueous solutions. It must be noted that while hydrazine is a known reductant of GO, the interaction between GO and DDA has three possibilities: hydrogen bonding, electrostatic attraction between carboxylic group and protonated amine and, most predominantly, the nucleophilic substitution between epoxy and amine, which result into the grafting of the long hydrocarbon chain of the octadecylamine onto GO sheets [26, 35] .
Indeed, Figure 3 shows, for all the N-GO samples, a bathochromic shift of the GO characteristic spectral features, which are the peak around 230 nm (π-π* plasmon peak [36] ) and the shoulder around 300 nm [37] . Similar trends are found both in water (pH: ~6, Figure 3a ) and in PBS buffer (pH: ~7.4, Figure 3b ). In particular, the peak at 230 nm exhibits a red shift of about 29 nm in GO + N 2 H 4 sample, both in water and in buffer. In GO + DDA sample such a peak disappears in water and broadens in PBS. As to the sample GO + DDA/N 2 H 4 , a sum effect of contributions of the GO + DDA and GO + N 2 H 4 spectra is observed. In the the π-π* plasmon peak two kinds of conjugative effect coexist, related to nanometer-scale sp 2 clusters and linking chromophore units such as C=C, C=O and C-O bonds [37] . The UV-Vis spectral changes in N-GO samples in comparison to GO can be related to the introduciton of defects in the sp 2 domains by the formation of new C=N bonds, as well as conjugative effect of chromophore aggregation, which influences the π-π* plasmon peak.
The average surface atomic composition (Table 1) obtained by XPS analyses and the deconvolution of C1s and N1s peaks (Figure 4 ) confirm the considerations inferred from the UV-Vis spectra. Indeed, the relative intensity ratio C1/C2/C3 of the different components of carbon peak in GO, respectively at 284.6 eV (C1, C-C and C-H bonds), 286.7 ± 0.2 eV (C2, C-O bonds) and 288.7 ± 0.2 eV (C3, C(=O)O bonds) of binding energy (BE), change differently in the different GO-N samples, which all exhibit a new C=N component (C4, at 285.7 ± 0.2 eV [38] ). Compared to the spectrum of GO, the decrease of peak intensity of C2 component in GO + DDA (Figure 4b ) and GO + N 2 H 4 (Figure 4c) indicates that the grafting mainly occurred through the reaction of the epoxide functional group in GO. In the case of GO + DDA, a component related to the carbonyl groups is found (C5, at 288.2 ± 0.2 eV) instead of the carboxylic C3 component. As to the nitrogen XPS spectra of the different nitrogen-doped GO surfaces, the broad N1s peak could be deconvoluted into four chemically shifted components: at 398.8 ± 0.2 eV (N1), 399.6 ± 0.2 eV (N2), 400.7 ± 0.2 eV (N3) and 402.1 ± 0.2 eV (N4) of binding energy, respectively. These peaks are assigned respectively to: hydrogen-based interactions between the amino groups and the oxygen functionalities (N1), C-N linkages as a result of covalent interactions of amino groups with GO (N2), charge-induced interactions between the protonated amines and weakly acidic sites of GO (N3), and C-N + (from quaternary nitrogen) or NH 4 + (N4) [39] . The N2 component is therefore an indicator of the effective grafting of the n-alkylamines on the basal plane of GO through covalent interactions, whereas the structurally strained epoxy groups are unzipped by the nucleophilic substitution of n-alkylamines [40] . Some of the amines interact with the oxygen functionalities via hydrogen bonding as supported by the appearance of the N1 component. The weak acidic sites such as the carboxyl and phenolic groups interact with the amino groups through columbic interactions, induced by the transfer of H + , as revealed by the N3 component.
The Interaction of GO and N-GO Derivatives with Curc-loaded Lipid Membranes: Theoretical Calculations
Curcumin-GO-NH 3 + (simulation at pH = 5) and GO-NH 2 (simulation at pH = 7). The mobility of curcumin inside the bilayer is represented in Figure 5 , where the distance between N-GO surface and the phenolic oxygen of curcumin (d N-GO/OH(Curc) ) is reported. In the model used for this study, curcumin in the linear enolic form, more stable than the bent dichetonic form, intercalated into the supported lipid bilayer. Water molecules rest at the two leaflets surfaces, both at the top and at the interface with the graphene substrate (Figure 5a) . To model the N-GO substrate with the amino groups at the outward surface, each hydroxyl group is replaced with amino groups; depending on the pH, the modelled N-GO surface exposes neutral amino (at pH = 7), or positively charged quaternary ammonium (at pH = 5).
It is interesting to note that for both the pH, the distance d N-GO/OH(Curc) is subjected to wide fluctuations, which basically span the 5 nm of the bilayer thickness, even if the molecule remains included in the double layer. However, at the pH of 7 (Figure 5b) , the amplitude of oscillation is a bit higher, thus the curcumin emerges from the bilayer presenting the hydroxyl towards the water. Moreover, we can observe smooth minimum and maximum values (respectively at around 40 and 125 ns in Figure 5a ) where the distance from the surface remains constant for a while, owing to the strong electrostatic interaction that involves the negatively charged phosphate groups and H bonds with the water and the carbonylic group of the POPC. At this value of pH, a random orientation of the water molecules is found ( Figure 6 ). Significant differences are observed in the simulations at pH = 5 (Figure 5c ), where the fluctuations and the absolute distance between Curc and N-GO surface are smaller in comparison to pH = 7. However, maximum and minimum values are quite sharp, suggesting a reduced mobility of curcumin into the double layer and phenolic hydroxyl be kept away from the layer of water. It must be noted that the orientations of water molecules seem to be influenced by positive charges (GO-NH 3 + ) located on the surface. Since long range electrostatic interactions, the negative side of the dipole associated to the water molecules mostly point toward the surface giving rise to a "V" prevailing orientation ( Figure 6 ). As a consequence, the positive charge of the dipole, characterized by the hydrogen atoms, repels the partially positive charged hydrogen atom of the phenolic group (Ph-OH) pushing away the curcumin inside the double layer.
Being due to the GO-NH 3 + surface, such arrangement is not present in the water layer placed above the double layer. In fact, a random orientation of the dipoles is found in this layer therefore any repulsive effect, with respect to the Ph-OH group is observed.
The mobility of curcumin within the POPC bilayer at the interface with N-GO samples obtained by GO + DDA treatment as well as with GO is represented in Figure 7 . Curcumin-GO-NH(CH 2 ) 11 CH 3 (Figure 7a) . The simulations at pH = 5 and pH = 7, show a negligible effect of pH and a very low affinity between the functionalized surface and water layer, which give rise to desorption of the entire system from the surface (Figure 7b ). In fact, the layer of water and the nitrogen atoms in dodecylamine, which are directly bound to GO, are separated by a large distance.
Curcumin-GO-OH ( Figure 7c ). As pointed out above, at neutral pH the -OH groups in GO were considered deprotonated (GO-O − ). The overall effect is that the dipole associated to water molecules is oriented in a opposite way if compared to GO-NH 3 + . In the layer between surface and POPC water molecules are mainly oriented with the positive side of the dipole toward GO-O − . It follows that phenolic hydrogen atom of curcumin undergo an attractive interaction and, at the end of the side, its distance from the surface remains constant for a while (Figure 7d ). Any relevant effect is observed in the proximity of the layer above POPC. At acid pH, the picture is essentially similar to GO-NH 2 . Also in this case, a random orientation of dipole moment is detected and the mobility of curcumin is characterized by wide fluctuations (Figure 7e ).
The Interaction of GO and N-GO Derivatives with Curc-loaded Lipid Membranes: Experimental Results
An experimental validation of theoretical calculations discussed in the previous section on the mobility of the curcumin within the POPC lipid bilayer at the interface with the different GO substrates was performed by confocal microscopy and FRAP analyses to assess whether the drug incorporation into the membrane could affect its fluidity. In fact, the lateral mobility of the lipid molecules within the membrane, quantified by the diffusion coefficient D at the solid interface, is an important indicator of the drug loading and release capabilities by the lipid bilayer platform. Supported lipid bilayers of rhodamine labelled POPC (PC-Rhod) and curcumin-loaded POPC (PCRhod-Curc) lipids were obtained by physical adsorption of the lipid vesicles on a hydrophilic glass followed by spontaneous rupture/fusion of the vesicles and the formation of the supported membranes [41] . (Figure 8a ) and PC-Rhod-Curc (Figure 8b) , as well as the curves of normalized intensity before and after the photobleaching (Figure 8c ). It must be noted that the minimum, which corresponds to the first scan immediately after the bleach, is less pronounced for the Curc-loaded lipid membrane. This indicates a higher fluidity than the bare SLB. However, the diffusion coefficients, calculated by using the Axelrod's algorithm (D = 0.88w 2 /4τ 1/2 , where w is the radius of the bleached area and τ 1/2 describes time for 50% recovery [42] ) is about 1.6-1.7 (0.2) m 2 /s for both PC-Rhod and PC-Rhod-Curc.
The confocal microscopy images for POPC-Rhod or POPC-Rhod-Curc adsorbed onto the different GO and N-GO substrates, prepared by the approach with GO solid, are shown in Figure 9 .
The inhomogeneous distribution of red emission from the POPC-Rhod lipids highlights the graphene sheets (see the contrast in the merged fluorescence and optical images, ch02 + BF) in the hybrid glass-GO samples. The curcumin fluorescence is clearly visible on the different GO and N-GO sheets, with a particular enhancement of the green fluorescence on the top surface of the N-GO sheets prepared by dodecylamine reduction (Figure 9c , see the merged fluorescence and optical images, ch01 + ch02 + BF). This finding could be explained by the higher affinity of the hydrophobic curcumin towards the methyl-terminated N-GO sheets in comparison to the hydrophilic GO. According to that, the much larger regions with evident darker contrast in the red emission (Figure 9c , image ch02 + BF) fit well with a less favoured process of supported lipid bilayer formation from the spontaneous adsorption-rupture-fusion processes, as expected on a hydrophobic substrate [43] . Interestingly, for the amino-terminated N-GO surfaces the transfer of the drug to the substrate seems even more efficient, as demonstrated by the extensive green fluorescence (Figure 9d , see image ch01). Moreover, an effect similar to the reported formation of curcumin-induced lipid domains [44] , with the localization of the drug at the domain boundaries, is also visible (see inset in Figure 9d ).
Conclusions
In summary, in the present work we investigated two functionalization strategies for graphene oxide in aqueous dispersion and for solid graphene, to prepare N-doped GO with different surface termination (e.g., outward exposure of methyl or NH 2 groups). The experimental characterisation by Raman, UV-visible and XPS spectroscopies demonstrated the actual modification of the GO, and allowed for the N-doping quantification. The interfaces established between such systems and curcumin-loaded lipid membranes was scrutinised by means on theoretical calculations, to elucidate both on the actual surface termination of the various GO samples at the interface with the lipidcurcumin system and on the pH-triggered release process of the curcumin. Experimental results validated the calculations as far as concerns the fluidity of the lipid bilayer (and the consequent freedom degrees of the curcumin intercalated within the membrane) and the promising potentialities for the drug-release at the GO-lipid membrane interface, as demonstrated by the confocal microscopy studies. Further studies will elucidate on the impact of the used strategy for the modulation of the curcumin delivery at the graphene surfaces and the advantages of using the hybrid graphene oxide/lipid bilayer assembly for the release of the hydrophobic drug driven by specific chemical or physical stimuli.
